The optical properties of polycyclic aromatic hydrocarbon fluorophores, such as pyrene and perylene, are controlled by confined spaces of meso-and supermicropores in a silica matrix. The quantum yield of fluorescence from monodispersed pyrene and perylene increases with limitation of the excimer formation in 1 nm supermicropores. When the pore diameter is close to the molecular size, solid-state fluorescence having a high quantum yield is achieved via the fluorophores in the confined spaces by suppressing the aggregation, the interaction with charge-transfer sites and the stabilization of the excited state.
Introduction
Fluorescent organic molecules, i.e., fluorophores, are a promising material for various applications, including light emission, 1 bioimaging, 2 and sensing. 3 Although solid-state fluorescence is required for their application to practical devices, the quantum yield of the fluorescent molecules usually decreases with solid-state molecular packing due to concentration quenching, aggregation, and excimer formation. 4 Molecular design has been studied to improve the quantum yield of the fluorescent molecules in the solid state. Massive functional groups were reported to suppress the aggregation of aromatic molecules by decreasing the ππ interaction. 5 The enhancement of fluorescence was achieved via aggregation-induced emission with increasing planarity of π-conjugated molecules. 6 Unfortunately, however, effective design requires a formidable amount of processing to synthesize highly active molecules. In the present study, we report solid-state fluorescence having a high quantum yield via polycyclic aromatic hydrocarbon (PAHs) fluorophores in confined spaces smaller than 2 nm.
The properties of fluorophores depend on their molecular structure and aggregation states. Monodispersity of the molecules is essential to obtain a high quantum yield in matrices. Dispersing fluorophores in polymers is an effective way to achieve solid-state fluorescence. A high quantum yield has been obtained by using organic fluorophores in polymethyl-methacrylate. 7 However, the solid-state fluorescence using the polymer matrix is not applicable for sensing molecules and ions because active fluorophores are isolated from the outside. Thus, porous skeletons, such as zeolites, are utilized as a host of fluorophores for environmentally dependent solid-state florescence. 8, 9 Whereas the aggregation of molecules was suppressed by the porous framework, the quantum yield was decreased by the interaction with Lewis acidic sites, such as aluminum ions, on the channel walls.
Mesoporous silicas produced with micelles of surfactants have been studied. 1013 Because of chemical stability, optical transparency, and the absence of Lewis acidic sites, porous silicas are a suitable host for fluorophores. Various organic molecules are trapped in the mesoscale channels of 250 nm in diameter. 1416 The optical properties of a fluorophore were investigated by changing the pore diameter of mesoporous silicas. 17 However, the dependence of the quantum yield on the pore size has not been clarified in the meso-and micropore regions smaller than 2 nm.
Micropores (<2.0 nm) are classified into ultramicropores (<0.7 nm) and supermicropores (0.72.0 nm). Supermicropores are thought to be suitable for the fixation of organic molecules because of the similarity of their sizes. However, the controlled synthesis of supermicroporous silicas (SMPSs) had not been achieved by conventional templating techniques. In our previous study, 18 SMPSs having controlled pore diameters were successfully produced using a solvent-free method. The pore sizes of SMPSs were controlled by changing the carbon number (n) of the alkyl chain of alkyltrimethylammonium chloride (bromide) CnTAC(B) (n = 618) as porogens. Volatile organic compounds, such as toluene, were found to be firmly trapped in the pores owing to the strong micropore filling. 19 Quantum dots of metal oxides having engineered band structures were easily produced using the supermicropores as a template. 20 The supermicropore region would be important for controlling the properties of fluorescent molecules because of the similarity of the pore and molecular sizes. On the other hand, the influence of highly confined spaces smaller than 2 nm on molecules has not been investigated sufficiently.
In the present article, we control the dispersion of PAHs, such as pyrene and perylene, in confined spaces of SMPSs. The organic fluorophores have a high quantum yield and are applicable to dye lasers and organic electroluminescence. However, the fluorescence of the molecules is highly affected by the assembly states. For instance, quenching is commonly observed through the concentration of the fluorescent molecules. Moreover, pyrene and perylene show excimer fluorescence in solid states. The optical properties of the fluorophores have been controlled in mesoporous silicas. 17 However, the quantum yield of the fluorophore size has not been discussed on the basis of the experimental results. Moreover, highly confined spaces smaller than 2 nm in SMPSs are important for controlling the properties of pyrene and perylene because of the similarity of the pore and molecular sizes ( Figure S1 ).
Here, we investigated the dependence of fluorescent properties on the pore diameter of host SMPSs to obtain an enhanced quantum yield of fluorophores. Spatial restriction in the supermicropores smaller than 2 nm is essentially effective to improve the optical properties of fluorophores.
Experimental
Alkyltrimethylanmonium chloride (bromide) (CnTAC(B), n: carbon number of alkyl chain (n = 618)), tetraethyl orthosilicate (TEOS), and water acidified with HCl (pH 2.0), were mixed with the molar ratio of 0.2:1.0:4.0, respectively. After stirring the mixture at 298 K until gelation, the products were dried at 333 K for 24 h and calcined at 873 K for 3 h in air. Pyrene (Kanto Chemical) and perylene (Sigma-Aldrich) were incorporated in SMPSs (pyrene/SMPS and perylene/SMPS) by immersion of their toluene solutions (pyrene: 5 © 10
) for 16 h for perylene and with stirring for 24 h for pyrene ( Figure S1 ). The samples were obtained by centrifugation, washed with toluene to remove adsorbed molecules from the outer surface, and followed by subsequent drying under vacuum to remove the solvent from the pores. The introduced amounts of PAHs into the pores were almost identical to the concentration of the solution that was used for the immersion. The introduced amount was determined by UVvis spectra (1.7 © 10 ¹3 0.7 © 10 ¹3 mol dm ¹3 vs pore volume). All the chemicals were used as received.
The pore structure was characterized by nitrogen adsorptiondesorption isotherms obtained at 77 K with a Micromeritics TriStar3000 and 3Flex using samples pretreated under vacuum at 433 K for 5 h. The specific surface area was calculated by the Brunauer-Emmett-Teller (BET) method. The average pore diameter in the micropore region was calculated by the Grand Canonical Monte Caro (GCMC) method using BEL-Master software assuming an oxygen-exposed surface with a cylindrical pore structure and the Gaussian model for a single peak. The pore diameters of SMPSs are shown in Supporting Information ( Figure S2 ). Detailed synthetic procedures and characterization of SMPSs have been described in elsewhere. 19 Ultravioletvisible (UVvis) spectra were obtained using a JASCO V-670 equipped with an integrating sphere. Absolute photoluminescence quantum yields were measured using a Hamamatsu Photonics C9920-02G. Lifetime of photoluminescence was measured with a Hamamatsu Photonics QuantaurusTau C11367.
Results and Discussion
Fluorescence of pyrene incorporated into SMPSs (pyrene/SMPS). Pyrene was incorporated into nine kinds of SMPSs having mode pore diameters in the range between 0.65 and 2.61 nm (pyrene/SMPS-X nm; X: the mode pore diameter estimated by a GCMC method). Figure 1 shows photographs of the toluene solution and powder of pyrene and two kinds of pyrene/SMPS composites under visible and UV light with their emission spectra. The monomer fluorescence was observed in the solution, although only the excimer fluorescence was observed in the solid powder. As shown in Figure 1 , the emission spectrum of pyrene/SMPS-1.00 nm was similar to that of pyrene in solution (5 © 10 ¹4 mol dm
¹3
). This means that pyrene was incorporated as a monomer in the supermicropores around 1.0 nm. However, the considerable amount of excimer emission was included with the monomer fluorescence in the spectrum of the molecules in the mesopores (pyrene/SMPS-2.61 nm). Figure 2 shows the fluorescence intensity ratio of the monomer (I III ) and excimer (I Exc ) and the quantum yield of the pyrene/SMPS composites as a function of the pore diameter. As the diameter decreases to below ³2 nm, the intensity ratio of monomer fluorescence and the quantum yield increase steeply. This indicates that the excimer formation was suppressed in the supermicropores smaller than 2 nm. Moreover, the quantum yield of the monomer increases with the decrease in pore diameter. In the previous study, the fluorescence from the excimer of pyrene was suppressed in porous silicas. 21 However, the high ratio of monomer was achieved only with the dilution of the fluorophore solution (1 © 10 ¹4 mol dm ¹3 ) for the preparation of composites. Thus, the high monomer ratio is not simply ascribed to the spatial restriction by the mesopores. Moreover, the quantum yield of the fluorophore has not been characterized in the mesopores. In the present work, the excimer fluorescence was effectively suppressed in the supermicropores even when using a highly concentrated solution (5.0 © 10 ¹2 mol dm
) for the preparation of composites. The fluorescent molecules are highly isolated by the confined spaces in the silica matrix. Specifically, enhanced quantum yields are achieved by the molecules that are strictly trapped in the pores below 1.5 nm. The highly confined space close to the molecular size is important to enhance the quantum yield by suppressing the aggregation of the fluorescent organic molecules.
The fluorescent lifetime was determined in order to analyze the state of pyrene molecules in the pores. Figure 3(a) shows decay profiles (λ Exc = 340 nm and λ Emi = 395 nm) of the fluorescence of pyrene confined in the meso-and supermicropores. The decay curves of fluorescence from the pyrene/SMPS composites are decomposed into three exponential components having lifetimes¸1,¸2, and¸3 (Figure 3(b, c) , Supporting Information Table S1 ) Multi-exponential decay was shown for the emission from fluorophores adsorbed on porous silica frameworks. 2123 The longer-and shorter-lasting components (¸1 and¸3) are attributed to emissions from monomeric species and its excimer or exciplex species with the interaction of the charge transfer (CT) sites on the silica surface, respectively. 24 The latter assignment is supported by the well fitting of the lifetime range between the luminescence decay and the rise of luminescence (¸3 = 11 ns) monitored at the broad luminescence band position at 495 nm ( Figure S3 and Table S2 ). Here, the intermediate decay component (¸2 = 63 ns) is ascribed to the tail of the emission from the excimers because the lifetime was the same as that of the main band at 475 nm originating from the excimers as shown in Supporting Information ( Figure S3 ). As shown in Figure 3(c) , an increased contribution of the longer-lasting component (¸1) in the supermicropores indicates the suppression of the interaction with the surface CT sites upon decreasing the pore diameter below 2 nm via micropore filling in the supermicropores. In the case of micropore filling, molecules are trapped at the center of pores because of the overlap of adsorption potentials from the opposite pore walls in (I III ) and excimer (I Exc ) (a) and quantum yields Φ f (b) of pyrene/ SMPS composites with different pore diameters. supermicropores whose sizes are close to that of molecules. 25 The interaction with the solid surface is weakened because of the changes in the adsorption mode from the surface adsorption to the micropore filling. The interaction with the CT sites greatly decreases the total quantum yield of fluorophores. 24 Therefore, this change in the adsorption states will be a cause for the increase in the quantum yields of PAHs. Moreover, the lifetime of the longer-lasting component (¸1) increased with the decreasing pore diameter (Figure 3(b) ). This suggests the immobilized monomereric fluorophore enhances the luminescence via micropore filling in supermicropores. The quantum yield is enhanced with the elongation of the lifetime.
Fluorescence of perylene incorporated into SMPSs (perylene/SMPS). Perylene was incorporated into four kinds of SMPSs having mode pore diameters in the range between 0.58 and 2.61 nm (perylene/SMPS-X nm; X: pore diameter estimated by a GCMC method). Figure 4 shows photographs of the perylene toluene solution, perylene powder, and perylene/ SMPS-1.01 nm with their emission spectra. Different colors of the toluene solution of perylene, perylene powder, and perylene/SMPS-1.01 nm indicate the variation of the state of the florescent molecules. As shown in the photographs and spectra, monomer fluorescence around 460 nm (blue) was observed in the perylene solution although the broad excimer fluorescence around 600 nm (yellow) was dominant in the solid powder.
We found the monomer emission from perylene/SMPS composites similar to that of the perylene solution (Figure 4) . Thus, the excimer formation in the solid state was completely suppressed both in meso-and supermicropores. The molecules are deduced to be trapped as a monomer in the confined spaces smaller than 2.6 nm. The perylene/SMPS-0.58 sample shows only a trace amount of emission, because the pore size is too small to incorporate the molecules. Figure 5 shows the quantum yield of the monomer emission from perylene/SMPS composites as a function of the pore diameter. As the diameter decreased, the quantum yield increased up to ³0.83.
The results of fluorescence lifetime measurements are summarized in Figure 6 . Figure 6(a) shows the decay profiles of the fluorescence of perylene/SMPS composites with different pore diameters. The decay curves of fluorescence from perylene/SMPS composites are divided into two components ( Figure 6(b, c) , Supporting Information Table S3 ). This behavior is almost the same as the emission from pyrene trapped in the confined space of SMPSs as mentioned above. The shorterand longer-lasting components are attributed to emissions from single molecules with and without the interaction of the CT sites on the silica surface, respectively. In this case, the excimer fluorescence was not observed owing to the suppression of aggregation in the porous silica matrix. Similar to the case of pyrene, the increase in the ratio of the longer-lasting component with decreasing the pore diameter indicates the suppression of the interaction of the CT sites with the molecules via micropore filling in supermicropores (Figure 6(c) ). The lifetime of the longer-lasting component (¸1) increased with the decreasing pore diameter (Figure 6(b) ), while that of the shorter-lasting component (¸2) was constant. These results suggest that the excited state of the single molecules is stabilized via micropore filling in supermicropores. The suppression of aggregation and the interaction of the CT sites and the stabilization of the excited state result in the enhancement of the quantum yield.
Summary and Conclusion
The influence of the confined space similar to the molecular size on the fluorescent properties was investigated using polycyclic aromatic hydrocarbon fluorophores (PAHs), such as pyrene and perylene, incorporated into meso-and supermicroporous silicas having pores in the range of 0.62.6 nm in diameter. Basically, aggregation of the fluorescent molecules and the interaction with pore walls were suppressed by trapping in the micropores. Thus, the excimer fluorescence intensity and the shorter-lasting component owing to adsorption onto CT sites decreased with the decreasing pore diameter. Moreover, we observed an elongated lifetime of monomer fluorescence of PAHs confined in the supermicropores. The quantum yield increased significantly in the confined space below 1.0 nm owing to the strong micropore filling.
